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Temperature-dependent London penetration depth, λ(T ), was measured in optimally - doped,
x =0.35, as-grown (Tc ≈25 K, RRR=ρ(300K)/ρ(Tc)=4.5) and annealed (Tc ≈35 K, RRR=6.4)
single crystals of SrFe2(As1−xPx)2 iron - based superconductor. Annealing increases the RRR and
decreases the absolute value of the London penetration depth from λ(0) = 300± 10 nm in as-grown
sample to λ(0) = 275 ± 10 nm. At low temperatures, λ(T ) ∼ T indicating superconducting gap
with line nodes. Analysis of the full - temperature range superfluid density is consistent with the
line nodes, but differs from the simple single - gap d−wave. The observed behavior is very similar
to that of BaFe2(As1−xPx)2, showing that isovalently substituted pnictides are inherently different
from the charge - doped materials.
PACS numbers: 74.70.Xa, 74.20.Rp, 74.62.Dh
Superconductivity in the AEFe2As2 (AE = Ba, Sr
or Ca) - based compounds can be induced by substitu-
tion of each constituent element in the formula [1–5]. In
BaFe2As2 (Ba122), hole- (K substitution of Ba, BaK122)
and electron- (e.g., Co substitution of Fe, BaCo122) dop-
ing produces superconductors with the maximum super-
conducting transition temperature, Tc of 38 K and 24
K, respectively. The isovalent substitution of As with P
(BaP122) induces superconductivity with maximum Tc of
31 K [6].
Despite proximity to an identical ground state of the
parent compound and similar values of Tc , supercon-
ductors produced by isovalent doping have a gap struc-
ture entirely different from that produced by hole or elec-
tron doping. The superconducting gap in charge - doped
BaK122 and BaCo122 is full and isotropic at the opti-
mal doping [7, 8]. It becomes anisotropic upon depar-
ture from the optimal doping toward either end of the
“superconducting dome” and even develops nodes at the
extreme doping levels [9–15]. In sharp contrast, the su-
perconducting gap of isovalently substituted BaP122 re-
veals line nodes irrespective of the doping level [16–18].
To-date, the dominant theory of iron - based super-
conductors is based on the extended s±model [19], which
originally predicted equal full isotropic gaps. There were
many refinements of this idea to describe the numerous
experiments that showed anisotropic and even nodal gaps
[14, 20–23]. It was found that nodal and nodeless ground
states are energetically very close to each other and the
fine tuning of the inter- and intra- band interactions and
band-structure parameters may shift the balance towards
one of them. In addition, there are other important in-
gredients, such as the interplay of magnetism and super-
conductivity [24–26] and the influence of disorder [27–30].
Still, it seems that BaP122 is unique. Why does the
superconducting gap of this material remain nodal irre-
spective of doping level? Is its uniqueness linked to the
high purity as suggested by the observation of quantum
oscillations [18, 31]? This raises the question of whether
other isovalently substituted 122 materials also have a
nodal gap at optimal doping and if so, how do their prop-
erties compare to BaP122?
Superconductivity in SrFe2(As1−xPx)2 with Tc = 27 K
at the optimal doping of x = 0.35 was discovered in 2010
[32]. Soon thereafter, single crystals with Tc = 30 K
were obtained [33]. Currently, optimized annealing pro-
tocol results in high quality crystals with Tc = 35 K
[34]. The first studies of SrP122 have already shown it to
be an unconventional superconductor. Specific heat and
NMR studies are consistent with the nodal small gap and
nodeless larger gaps [35]. Microwave measurements find
fractional power law behavior of the London penetration
depth. These studies, together with an analysis of flux
flow resistivity, suggested a nodal gap in one band and
strong anisotropy in the other [36] and this behavior was
contrasted to that of BaP122.
In this Letter we present high - resolution measure-
ments of London penetration depth in as-grown and an-
nealed single crystals of SrFe2(As1−xPx)2 superconduc-
tor. The low temperature behavior suggests a super-
conducting gap with vertical line nodes, similar to the
cuprates. However, the full temperature dependence of
the superfluid density shows that the gap structure is
more complicated than a simple single band d−wave and
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FIG. 1. Main pane: In-plane London penetration depth in
single crystals of SrFe2(As1−xPx)2 , x =0.35, in the full tem-
perature range showing one as-grown and two annealed sam-
ples. Top inset shows normalized resistivity, R(T )/R(300 K)
for as-grown and annealed SrP122 (this work) and BaP122
(Ref. 34). Lower inset shows the same data zoomed on in the
vicinity of Tc.
may be more consistent with a gap with accidental nodes
(see, e. g., [20]). The absolute value of the London pen-
etration depth at the optimal doping decreases upon an-
nealing from λ(0) = 300 ± 10 nm in as-grown samples
to λ(0) = 275± 10 nm. Importantly, - the overall nodal
behavior of SrFe2(As1−xPx)2 was found to follow closely
that of BaP122.
Single crystals of SrFe2(As1−xPx)2 were grown us-
ing the self-flux method [33]. Samples were charac-
terized by x-ray, magnetization and transport measure-
ments and the composition was determined using EDX
analysis, which yielded x =0.35. For London penetra-
tion depth measurements samples were selected from dif-
ferent batches by measuring the transition curves and
finding the sharpest transition. The best samples were
cut to a typical sample size of 0.5 × 0.5 × (0.02-0.1)
mm3. Annealing was shown to improve Tc from 31 K
to 34.8 K and to increase the residual resistivity ratio,
RRR=R(300 K)/R(Tc) from 4.5 to 6.4. A lesser increase
of Tc from 30 K to 31 K and of RRR from 4.8 to 5.2
after the annealing was reported for close to the opti-
mal doping (x =0.32) BaP122 samples [34], see insets in
Fig. 1. Furthermore, if we extrapolate linearly the resis-
tivity curves to T = 0, we obtain RRR(0) = 10.2 and
15.1 for as-grown and annealed SrP122, and RRR(0) =
7.1 and 8.1 for as-grown and annealed BaP122, respec-
tively. By these measures, SrP122 appears to be cleaner
than BaP122.
London penetration depth was measured by using a
tunnel diode resonator (TDR) technique (see Ref. [37]
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FIG. 2. Low - temperature part of ∆λ(T ) for the three sam-
ples of SrFe2(As1−xPx)2 , x =0.35. Solid lines are the best
fits to the Hirschfeld - Goldenfeld model [41], see text for
discussion.
and references therein). A tunnel diode supports self
- oscillations in a high stability LC tank circuit at
the resonant frequency f0 = 1/2pi
√
LC ≈ 14 MHz in
our setup. The sample is mounted on a movable sap-
phire rod whose temperature can be controlled indepen-
dently of the coil and oscillator components. The exci-
tation magnetic field of the coil is ≈ 20 mOe, well be-
low first critical field. Insertion of the sample causes a
frequency shift by an amount ∆f(T ) = −G4piχ(T ) =
G[1− (λ(T )/R) tanh(R/λ(T ))], which allows us to mea-
sure the change in London penetration depth, ∆λ(T ) =
λ(T )−λ(0) with a resolution of nearly 1 A˚. The geomet-
ric constant G depends on the coil and sample volumes,
demagnetization and empty coil resonance frequency and
is measured directly by extracting the sample from the
inductor coil while at base temperature [38].
Figure 1 shows the full temperature range varia-
tion of the in-plane London penetration depth, ∆λ(T ),
measured in an as - grown (Tc = 27 K) and
two annealed (Tc = 34.8 K) single crystals of
SrFe2(As1−xPx)2 , x =0.35. The insets show normal-
ized resistivity,R(T )/R(300 K) for as-grown and annealed
SrP122 (this work) and BaP122 (Ref. 34) samples. Lower
inset shows the data zoomed in the vicinity of Tc. Over-
all, the resistivity curves for SrP122 and BaP122 are vir-
tually the same showing clear deviation from the Fermi
liquid T 2 dependence at all temperatures, indicating
proximity to the quantum critical point at the optimal
doping [18, 31, 33, 39, 40].
Figure 2 shows the low temperature behavior of the
penetration depth for three samples of SrFe2(As1−xPx)2 .
Two of the curves are shifted vertically by 0.06 and 0.12
3nm to avoid overlap. The linear temperature dependence
is evident. Some rounding off at the low temperatures
is due to impurity scattering as was shown for nodal
cuprate superconductors by Hirschfeld and Goldenfeld
[41]. Within their model the behavior at low temper-
atures can be approximated by ∆λ(T ) = At2/(t∗ + t)
where t∗ is a crossover temperature scale determined by
unitary limit impurity scattering. Solid red curves in
Fig. 2 show best fits to the data resulting in the crossover
temperatures t∗ =0.068, 0.101 and 0.285 for the three
curves from bottom up. The amplitude A also increases
from the bottom to the top curve, A =88, 97 and 130 nm,
respectively. A straightforward interpretation is that we
are dealing with samples with different degrees of scatter-
ing from the cleanest (lowest curve) to the dirtiest (top
curve) and such assignment is in line with the effect of
annealing on resistivity and Tc . Good quality fits to the
Hirschfeld - Goldenfeld formula, as shown in Fig. 2, would
appear to indicate the presence of line nodes. However,
this is not sufficient for the determination of the topol-
ogy of the nodal lines on the multi-band warped Fermi
surface.
For a full analysis we must determine the superfluid
density over the entire temperature range. Knowing the
variation of ∆λ(T ), the superfluid density is given by
ρs(T ) = λ
2(0)/λ2(T ) = (1 + ∆λ(T )/λ(0))−2, so we need
to know the absolute value of zero - temperature pene-
tration depth, λ(0). To obtain this value we used TDR
measurements of Al coated samples [42]. After initial
measurement of ∆λ(T ) each sample is uniformly coated
with Al using magnetron sputtering and then remeasured
[42, 43]. To ensure a uniform Al film thickness the sam-
ple is suspended by a fine wire from a rotating stage
inside the sputter deposition chamber. The thickness of
the Al layer, d, was measured using focused - ion beam
cross-sectioning and imaging in SEM [43]. In our case
d =73 nm is greater than the Al London penetration
depth, λAl(0) = 52 nm. At T < TAlc , the effective pene-
tration depth is given by:
λeff (T ) = λ
Al(T )
λ(T ) + λAl(T ) tanh d
λAl(T )
λAl(T ) + λ(T ) tanh d
λAl(T )
(1)
where λ(T ) is the London penetration depth of the ma-
terial of interest. When Al becomes normal at TAlc ≈
1.28 K, λeff (T ) = d − λ(TAlc ). Extrapolation of ∆λ(T )
to T = 0 shows that λ(TAlc ) ≈ λ(0) + 0.7 nm and by us-
ing the BCS s-wave form of λ(T ) for Al, we can estimate
the difference,L = λ(0) − λeff (0). Solving numerically
Eq. 1 we obtain λ(T ). Considering all the uncertainties,
we estimate the accuracy as ±10 nm.
Figure 3 illustrates the procedure to estimate the ab-
solute value of λ(0). Main panel shows full temperature -
range ∆λ(T ) for the same annealed sample measured be-
fore and after aluminum coating. Evidently, the curves
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FIG. 3. Main panel: full - temperature ∆λ(T ) of the same
sample before and after aluminum coating showing that the
curves are indistinguishable for T > TAlc . Inset shows the
region of the Al transition. The curves are offset vertically
by λeff (T ) = d − λ(TAlc ) providing a rough visual estimate
of λ(0) ≈ 271 nm upon extrapolation of the uncoated sample
curve to T = 0. Numerical solution of Eq. 1 gives λ(0) ≈
275± 10 nm.
reproduce each other perfectly for T > TAlc indicating
a good repeatability and stability of our measurements.
The low - temperature part in the vicinity of the su-
perconducting transition of the aluminum layer is shown
in the inset in Fig. 3. The curves are offset vertically,
so that BCS extrapolation (shown my the solid line) to
T = 0 gives effective penetration depth of λeff (T ) =
d − λ(TAlc ) = 21.3 nm. The difference between the un-
coated sample and the coated sample at T = 0 gives a
rough visual estimate of λ(0) = 271 nm and the numer-
ical solution of Eq. 1 (with the discussed above uncer-
tainty of 10 nm) finally gives λ(0) ≈ 275±10 nm. Apply-
ing the same procedure, we obtained λ(0) = 300±10 nm
for the as-grown sample, consistent with the assumption
of an enhanced pair - breaking compared to the annealed
samples. In BaP122 at the optimal doping, x =0.30, we
obtained a comparable magnitude of λ(0) ≈ 330 nm, but
the situation is complicated by the strong doping depen-
dence of λ(0) due to the quantum critical point hidden
beneath the dome [18]. Whether the same features exist
in SrP122 requires a systematic doping study.
Combining the results presented in Fig. 2 and Fig. 3
we can compare the rate of change of the penetration
depth with temperature observed in other clean nodal
superconductors with the current work. In a d−wave su-
perconductor with vertical line nodes, the amplitude of
the (linear) low - temperature variation of the penetra-
tion depth is given by [44]:
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FIG. 4. Comparison of the superfluid density, ρ(T ), for three
samples of SrFe2(As1−xPx)2 with the prediction of a two -
dimensional d−wave pairing (short-dashed line - clean and
dashed line - dirty limits) and isotropic s−wave (dot-dashed
line). We also show ρ(T ) for BaP122 (gray line, x =0.30,
λ(0) =330 nm). (Inset) Expanded view of low temperature
region.
d (λ/λ(0))
d (T/Tc)
≡ dλ
dt
=
2 ln 2
(d∆/dϕ)ϕ→node
(2)
where (d∆/dϕ)ϕ→node is the slope of the angle - depen-
dent superconducting gap approaching the node posi-
tion on the Fermi surface. In the case of d−wave pair-
ing, ∆(ϕ) = ∆(0) cos (2ϕ) and dλ/dt = Tc ln 2/∆(0) =
ln 2/2.14 = 0.32. For YBCO, the measured dλ/dt =
0.33 [42, 45] and for BSCCO2212 the observed value
is dλ/dt = 0.39 [42, 46], - both are quite close to
the theoretical prediction. In the present case of
SrFe2(As1−xPx)2 , we obtained dλ/dt = 0.28. For com-
parison, in BaP122, dλ/dt =0.42 and 0.38 for x = 0.30
(λ(0) =330 nm) and x = 0.33 (λ(0) =215 nm), respec-
tively [18]. These values are in a reasonable agreement
with the theoretical value of 0.32 showing that the node
topology is not much different from a standard d−wave
symmetry.
Figure 4 shows experimental superfluid densities con-
structed with the estimated values of λ(0). The data
are compared with the expectations for d−wave pairing
(short-dashed line - clean and dashed line - dirty limits)
and isotropic s−wave (dot-dashed line). The data are
in a complete disagreement with the exponentially sat-
urating s−wave curve. Instead, the data show a clear
T−linear variation at low temperatures. For compari-
son, the data for BaP122 are also shown by the gray
line. The curves for BaP122 and SrP122 overlap at the
low temperatures (below 0.2 Tc , see inset), but deviate
at higher temperatures. This difference must be due to
the difference in the gap magnitudes and anisotropies in
these multi-gap systems, but the low - temperature be-
havior is determined by the nodal quasiparticles and the
similarity of the data implies that the nodal structure
of SrP122 and BaP122 is similar. The deviation from
the 2D d−wave could be due to geometry of the nodal
lines, - perhaps forming the loops in the electron bands
[17, 20, 31, 47–49].
In conclusion, measurements of the London penetra-
tion depth, λ(T ), in optimally - doped as - grown and
annealed single crystals of SrFe2(As1−xPx)2 iron - based
superconductor provide clear evidence for line nodes.
The absolute value of London penetration depth de-
creases with annealing from λ(0) = 300 ± 10 nm to
λ(0) = 275 ± 10 nm. The slope dλ/dt = 0.28 is consis-
tent with the expectations for the superconducting gap
with line nodes, dλ/dt = ln 2/2.14 = 0.32 and compara-
ble to the measured values in YBCO and BSCCO2212.
The superfluid density ρ(T ) differs from the prediction
for the vertical infinite line nodes (as in a simple single
- band d−wave) and requires an analysis withing a full
three - dimensional band-structure. Overall, our results
indicate that SrFe2(As1−xPx)2 behaves very similarly to
BaFe2(As1−xPx)2 both from transport and superfluid re-
sponse points of view and it seems that isovalently sub-
stituted pnictides are inherently different from the charge
- doped materials.
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